THE RADIOLOGICAL DIAGNOSIS of cardiac valvar insufficiency includes the description and identification of the insufficient valve or valves and their supportive structures, quantitation of the regurgitant flow, determination of the degree of myocardial functional deterioration that may be present, and detection of associated cardiac lesions.
Fluoroscopy may yield essential information regarding the presence of cardiac and valvar calcifications, specific cardiac chamber enlargement, and abnormal pulsations of the cardiac chambers and large vessels. In order to reduce the amount of radiation received by the patient and the attending physicians and to provide a permanent record, cineradiography is preferable to prolonged fluoroscopy.
Valvar calcifications are identified within the heart by the characteristic motion patterns for each valve. Since the motion of the individual cusps usually is severely restricted, the calcified aortic valve largely exhibits the motion of the valvar ring, i.e., downward in systole and upward in diastole. Mitral valvar calcification, on the other hand, shows dorsal excursions in systole and ventral movement in diastole, as the valvar ring motion is relatively small compared with the inherent motion of the leaflets.'
For the specific diagnosis of valvar insufficiency, calcifications are of little value. They are common in stenosis and combined stenotic insufficiency, but rare in simple insufficiency.
Malfunction of valvar prostheses often requires angiocardiography for diagnosis. However, fluoroscopy and plain cineradiography may assist in a preliminary effort to define the problem, because dehiscence of a prosthetic valve may cause a change in its motion pattern and position.2' 3 The task is facilitated if an immediate postoperative baseline study is available for comparison. Attempts have been made to establish normal postoperative motion patterns for aortic and mitral valvar prostheses,4 but the practical value of such examinations is limited, as normal motion pattern may be seen in significant perivalvar insufficiency. Change in prosthetic valvar position may also be detected on serial chest films ( fig. 1 ).
For the evaluation of selective chamber enlargement, fluoroscopy has little to offer beyond that which can be obtained from chest films. However, the dynamics of an enlarged left ventricle can often be assessed roughly. Large variations in the width of the ascending aorta may be seen in marked aortic valvar insufficiency, and pulsations of the main pulmonary artery are increased in marked pulmonic valvar incompetence, particularly when incompetence is combined with pulmonary hypertension.
Chest Radiography
Chest radiography offers a wealth of information about the functional and anatomic features of cardiac valvar insufficiencies, such as total heart volume, selective chamber enlargement, aortic and main pulmonary arterial dilatation, the condition of the lungs and their vessels, the large systemic veins, as well as cardiac and vascular calcifications. However, these cardiovascular parameters are often nonspecific. For example, left ventricular enlargement may indicate increased volume load, myocardial ischemia, or increased pressure load, as well as a combination of these factors. Furthermore, selective chamber enlargement may be difficult to demonstrate and virtually impossible to quantitate.
Because of the theoretical and practical difficulties involved, a specific diagnosis of cardiac valvar insufficiency cannot be made from chest films alone. However, when used in combination with other noninvasive methods, plain films often result in a correct diagnosis.
Cardiac calcifications can rarely be located with precision on a plain chest film, as the motion patterns are essential components of the diagnostic process. Fluoroscopy with IVoi 55, No 6, JUNE 1977 Fv;a. R cinerecording is a more effective method. Tomography may be helpful in demonstrating calcifications, but it rarely adds practical, significant information. The presence of aortic wall calcifications raises the possibility that the valvar insufficiency may be caused primarily by vascular changes rather than by defects of the valve per se. Aortic wall calcifications are common in the general population, however, and the value of the recognition of such calcifications is limited.
Total Heart Volume. Ventilation, posture, total blood volume, blood flow, and heart rate are among the physiological factors, irrelevant to the diagnosis of a specific cardiac lesion, which cause variations in total heart volume. The combined dimensional response of the cardiac chambers to these parameters is difficult to assess, and significant individual variations in cardiac chamber volumes occur.
To reduce irrelevant physiological changes, Larsson and Kjellberg5 have proposed that patients be examined in the recumbent position during shallow breathing. However, these authors also report that no significant volume difference was found between measurements taken in upright and recumbent positions until the heart rate exceeded 80 per minute. If a prolonged Valsalva maneuver is avoided, standard chest films form an adequate basis for clinically useful heart volume measurements. Amundsen6 measured total heart volume on such films in 755 patients with and without heart disease, using the formulae developed by Kahlstorf.7 He suggests that definitely enlarged hearts be separated from those not considered to be enlarged by a borderline zone which for males is 500 to 540 ml/m2 and for females 450 Redistribution of the pulmonic blood flow with greater flow and larger vessels in the upper parts of the lungs than in the lower parts is the result of increased pulmonic venous pressure. In mitral valvar insufficiency, redistribution of pulmonary blood flow is not a characteristic finding (although it occurs in severe, acute mitral valvar insufficiency and in patients with deteriorating myocardial function). Many patients with longstanding mitral valvar insufficiency and large left atria have normal left atrial pressures, and therefore no pulmonary vascular changes would be expected.9 When the incompetence of the mitral or aortic valve has resulted in left heart failure, pulmonary venous hypertension and dilatation will occur.
Angiocardiography
The angiocardiographic examination provides direct demonstration of the incompetent valve, quantitation of the regurgitant flow, evaluation of the myocardial function of the involved ventricles, and demonstration of significant associated lesions, such as dissecting aortic aneurysm and coronary arterial obstruction.
The preferable radiographic recording technique is 35 mm biplane cineradiography with an exposure rate of 45 to 60 frames per second. Serial, full size, direct angiocardiography yields better image quality for the individual frame, but the advantage of movie demonstration of the behavior of the contrast medium, the valves and the other cardiac structures is so great that serial angiocardiography can no longer be considered an adequate tool for the diagnosis of cardiac valvar insufficiencies.
Measurement by angiocardiography requires rapid exposure rates in order to cover maximal systole and diastole and to assess effective-diastolic filling time in comparing right and left ventricular stroke volumes.'0 The full utilization of a biplane cineradiography system for quantitative functional and anatomic diagnosis requires that various distances, used in the calculations, be recorded at the time of the examination for each individual angiocardiographic run, as shown in figure 3 . These measurements can be placed conveniently on the film storage box. As which is usually small and therefore of little hemodynamic significance.9 12, 13 The analysis of these intricate and swift functional events obviously requires rapid exposure rate filming.
Measurements of Cardiac Chamber Volumes
Methods for angiocardiographic measurements of the volumes of the left atrium, the right ventricle, and the left ventricle have been developed with a validity that makes them useful tools for the functional evaluation of the heart in patients with cardiac valvar insufficiencies."-"17
Because of its regular shape and clear visibility in two projections after contrast medium injections in the main pulmonary artery, the left atrium early became the subject for quantitative efforts. Information about the width of the aortic valvar anulus before surgical intervention for aortic valvar replacement is often requested by the surgeon so that the availability of a suitable valve prosthesis can be assured and a valve prosthesis of optimal size can be selected and prepared beforehand. Such measurements can be made from biplane anngioca rdiographic records with great accuracy." The area of interest is located immediately below the lower attachment of the aortic valve. The width of this segment varies during the cardiac cyclc, requiring a rapid exposure rate for maximal and minimal measurements.
Specific 'alsar Lesions
Ao ortic Vavar Jnsu/fficiencv
The secondary efTects of aortic valvar regurgitation consisting of dilatation of the ascending aorta, enlargement of the left ventricle and to some degree the left atrium, form the basis for plain chest film diagnosis of this condition. Calcification of the aortic valve and the aortic wall may also be demonstrable on chest films. The degree of aortic dilatation may vary considerably. The factors involved include the degree of regurgitation, the duration of the condition, the presence of turbulent flow and, perhaps, the age of the patient when the aortic regurgitation began. As aortic stenosis and aortic wall changes also cause dilatation, such a finding is of limited diagnostic value.
Left ventricular enlargement and left atrial enlargement are nonspecific findings. However, when a diagnosis has been made, monitoring by serial plain films of the total heart size and, to the extent possible, specific chamber enlargement are helpful in the long term management of these patients.
Angiocardiograph_y. The normal aortic valve is completely competent, e.g., no contrast medium can be seen to regurgitate from the aorta to the left ventricle. However Congenital lesions of the aortic valve causing regurgitation usually take one of two shapes. They may consist of minor irregularities along the free edge of the cusp, frequently associated with asymmetrical development of the cusps and the sinuses of Valsalva, or the cusp may be fenestrated by a well defined defect. 26 In the latter case, angiocardiography may show a clearcut, thin jet, often eccentrically directed. These small congenital defects are usually not of hemodynamic significance, but they may constitute an area vulnerable to bacterial attacks. Figure 4 shows contrast medium regurgitation from the ascending Figure 7 shows regurgitation in a patient with dissecting aortic aneurysm involving the aortic valvar ring. The angiographic differentiation between dissecting aortic aneurysm on the one hand and valvar lesions on the other is not always easy. At surgery, an unexpected valvar lesion now and then turns out to be in fact a dissecting aortic aneurysm.
Syphilitic aneurysms of the ascending aorta, once common, now rare, produce in the full blown stage dramatic radiological findings, such as erosion of the sternum, thin, socalled egg-shell calcifications of the aortic wall, and cardiac enlargement compatible with aortic valvar insufficiency. 30 Atherosclerotic aneurysms of the ascending aorta causing valvar insufficiency by ring dilatation are rare.
Medionecrosis of the aortic wall may cause a characteristic bulbous dilatation of the ascending aorta, often involving the aortic sinuses and causing aortic valvar insufficiency on the basis of ring dilatation. 31 associated with angiographically demonstrated anatomic features which allow a specific diagnosis.
In rheumatic heart disease, the mitral valve becomes fibrotic and irregularly thickened, particularly along the free edges, preventing the leaflets from closing tightly in systole. The resulting regurgitation occurs between the shortened leaflets. Involvement of the chordae tendine4e is common. Stenosis and insufficiency are often combined. In the latter case, a well defined regurgitant jet is often seen on angiocardiography.36
Infectious endocarditis most commonly occurs on a mitral valve which has been damaged by rheumatic endocarditis, particularly an insufficient valve. 37 De novo infection of a healthy valve is distinctly uncommon, although involvement may occur by extension or engraftment from an infected aortic valve.
Angiographically, serial studies may show rapidly increasing valvar incompetence and deterioration of valvar function. Valvar aneurysms occasionally form during the course of the disease. These may be demonstrated angioFis;uiso 10. Posteroanterior and detailed lateral view of calcified mitral valvar anulus in an elderly fenmale with no evidence of mitral valvar incompetence.
graphically or, after their rupture, the resulting regurgitation can be shown.
As mentioned above, valvar incompetence may occur secondary to weakening or rupture of a chorda tendinea resulting from infection. Such infection of the chorda of the anterior leaflet may accompany aortic valvar infectious endocarditis.
A certain number of otherwise normal persons have echocardiographic and auscultatory findings of mitral valvar prolapse.38 A proportion of the patients with "floppy valve" syndrome also have mitral valvar insufficiency. Compilation of statistics on this problem is.complicated by the lack of a clear definition of what constitutes a prolapsed mitral valve. For practical, reporting purposes, a prolapsed mitral valve is believed to be present when the mitral valve in systole protrudes beyond the plane of the valvar ring, this ring being defined as that part of the ventricle closest to the left atrium while still exhibiting active contraction in systole.
Localized protrusion of a part of the valve is referred to as scalloped mitral valvar leaflet. Small variations in the position and shape of the mitral valve in systole should probably be accepted as normal variations without prognostic significance.
Mitral valvar insufficiency resulting from ruptured chordae tendineae on an ischemic, infectious, or traumatic basis may display characteristic angiographic flow pattern.39 The loss of support to the anterior leaflet will direct the regurgitant flow downward behind the normally supported, posterior leaflet, and vice versa.
The rupture of a papillary muscle or chordae tendineae may produce ventricular contractions of a rocking character, probably brought about by the increased ventricular stroke volume and the lack of support of the ventricular myocardium by the ruptured papillary muscle. Coronary heart disease is often associated with slight to moderate mitral valvar insufficiency.
lschemia, known to reduce the capacity of the myocardium to relax and to contract, does interfere with the closure of the mitral valve. However, the exact relationship between location and extent of myocardial damage on the one hand and the degree of mitral valvar insufficiency on the other is not clear. An akinetic or severely hypokinetic myocardial segment at the base of a papillary muscle may not cause any valvar insufficiency, while other seemingly less strategically located myocardial lesions may do so. 4 Endocardial cushion defects display varying degrees of mitral valvar insufficiency characteristically caused by a cleft in the anterior leaflet of the mitral valve, as well as abnormal attachment of the leaflet. The diagnosis of this condition is based on the demonstration of contrast medium regurgitation from the left ventricle to the left and right atria by way of the commonly associated atrial septal defect of primum type. The abnormal attachment of the anterior leaflet of the mitral valve creates a typical angiocardiographic sign, the "gooseneck deformity" of the subaortic region of the left ventricle.4' 42 The presence of this sign indicates that the mitral valvar insufficiency is caused by a cleft in the anterior mitral valvar leaflet, a feature which is often directly demonstrable by angiocardiography.
In hypertrophic obstructive cardiomyopathy, the function of the mitral valve closure is interfered with primarily by anterior displacement of the free edge of the anterior leaflet in systole. This causs miitral valvar regurgitation which is prcsent in practically all patients with a systolic intraventricular pressure gradient.
A normally functioning prosthetic nmitral valve mnay show a iminimlal degree of insufficiency on angiocardiogram, whcther the cardiac rhythm is regular or irregular. With multiplane projection, the regurgitant flow can be demonstrated to occur inside the ring of the prosthesis. If dehiscence is present, the regurgitant flow is seen outside the prosthetic ring. A combination of differential diagnostic intcrest is the formation of a dissecting wall aneurysm of the left aitrium ( fig. I I) . The sutures of the prosthesis pull the inner wall of the atriumaiway from the outer wall, and a large cavity may form into which contrast medium from the left ventricle flows unhindered. The intramural cavity may simulate the left atrial lumen, but the lack of pulmonary venous flow into the cavity can usually be established without difficulty. The angiographic diagnosis of pulmonary insufficiency is illustrated in figure 12 . The catheter tip is placed in the main pulmonary artery into which the contrast medium is injected." The contrast medium regurgitates into the right ventricle. For quantitation of regurgitant flow, the right ventricular stroke volume is measured, and from it is subtracted the effective forward stroke volume which is equal to the normal left ventricular stroke volume. The latter can be measured either by the Fick principle or by angiocardiography.
The right ventricular enlargement and dilatation of the main pulmonary artery which occur with pulmonic valvar insufficiency are rarely diagnostic on plain films because these changes are relatively small and nonspecific. For instance, a slight right ventricular enlargement, occurring after surgery for pulmonic stenosis, may be attributable to myocardial insufficiency or to reduced myocardial hypertrophy which facilitates diastolic filling.
Congenital anomalies of the pulmonic valve may result in valvar insufficiency. The degree of involvement of the valve varies from minor irregularities of the cusps (preventing them from closing completely) and small defects in the cusps to absence of the valve. In the latter event, the cusps may be completely absent or small residues of the cusps may be present. Marked ring stenosis is usually found at the valvar level. This combination of stenosis and insufficiency produces marked turbulence in the pulmonary artery. Depending upon the direction of the outflow tract toward the right or the left pulmonary artery, marked dilatation of these arteries occurs which often, but not always, can be detected on the chest film ( fig. 13) to increase the regurgitation, and slow heart rate which may in turn cause diastolic overflow.
The diagnosis of tricuspid valvar insufficiency by nonradiological means is based on the detection of a systolic murmur and an analysis of right atrial pressure curves. Indicator dilution techniques may be used as well. All of these methods have significant flaws. 45 The systolic murmur may be difficult to differentiate from other cardiac murmurs. The height of the systolic wave, the so-called V wave, does not correlate well with the degree of valvar insufficiency since the compliance of the right atrium is the determining factor for the pressure development. Also, V waves may be found in the absence of tricuspid insufficiency when the patient is in right-sided heart failure. 46 Because of poor mixing conditions in the right ventricle and right atrium, dye injected into the right ventricle and sampled in the right atrium may not give an accurate assessment of the degree of regurgitation. 47 None of these methods demonstrates such relevant features as the anatomy of the tricuspid valves, the volume and shape of the right ventricle, the size of the valvar ostium, nor the movement of the blood in the atrium arid the ventricle. For example, it is not possible to differentiate between systolic and diastolic regurgitation.
In isolated tricuspid valvar insufficiency, the stroke volume of the right ventricle is increased over that of the left ventricle in an amount equal to the regurgitant flow per heart beat. To the extent that this increase in right ventricular stroke volume is accompanied by an increase in the right ventricular end-diastolic volume, a selective right ventricular enlargement will result and, if sufficiently large, can be detected on plain chest films. As the amount of blood flowing through the right atrium is increased by an amount equal to the regurgitant flow, the right atrium will also become enlarged. Figure 14 shows the chest film of a threeyear-old girl with destruction of the tricuspid valvar leaflets by bacterial endocarditis and marked enlargement of both the right ventricle and the atrium. Calcification of the tricuspid valve is distinctly uncommon.
When the tricuspid regurgitation is marked, systolic pulsations of the right atrium and the superior vena cava may be seen by fluoroscopy. The angiographic demonstration of tricuspid valvar incompetence rests on the demonstration of flow of contrast medium from the right ventricle to the right atrium.
Ebstein's malformation of the tricuspid valve is a congenital cause of tricuspid valvar incompetence. The demonstration of the tricuspid valvar anatomy is more significant than the angiographic demonstration of insufficiency. The valvar leaflets are displaced and inserted into the ventricular wall and septum more apically than is normal. The valve may form a sac-like structure which, in the extreme case, may reduce the size of the non-atrialized portion of the right ventricle to a slit-like structure, and the tricuspid valvar orifice may be small, producing subinfundibular stenosis.
However, in most instances, the tricuspid valvar distortion is moderate (see fig. 15 ), and in some patients the demonstration of any abnormality may be difficult.
The diagnosis of Ebstein's malformation may be confirmed by the simultaneous recording of electrical activity and pressure. The finding of ventricular electrical activity in the area with atrial pressure confirms the diagnosis.
Life-threatening arrhythmias have been reported in conjunction with contrast medium injections in patients with Ebstein's anomialy. However, with careful monitoring of the electrocardiogram and careful placement of the catheter, the risk of complication is not serious enough to contraindicate the procedure.
The plain film appearance of the heart in patients with Ebstein's malformation is typical, particularly in those patients who have a more than minimal involvement of the tricuspid valve. The heart is enlarged as a result of right ventricular and right atrial enlargement. The heart may become very large in older patients.
In patients with pulmonary atresia or severe pulmonic stenosis, the tricuspid valve is often incompetent, probably aLs a result of the effect of marked right ventricular hypertrophy upon the papillary muscles and chordae tendineae. Because of the marked right atrial enlargement, the condition simulates Ebstein's anomaly, but angiocardiography will usually demonstrate the tricuspid valve in its normal location, thereby making the diagnosis. The tricuspid valvar insufficiency in such cases may be beneficial to the preservation of a functioning right ventricle.
A congenital defect of one of the tricuspid valvar leaflets is a rare cause of tricuspid valvar insufficiency. If such a defect is located in the septal leaflet and combined with a ventricular septal defect,48 the step-up of the oxygen content of the right atrium which results erroneously indicates the presence of a left-to-right shunt at the atrial level. Selective angiocardiography of the right ventricle will settle the matter and give the correct diagnosis. Occasionally the perforated tricuspid valvar leaflet is tightly attached to the ventricular septum over the ventricular septal defect; a selective injection of the left ventricle will then be needed for diagnosis and demonstration of the contrast medium flow directly from the left ventricle to the right atrium without admixture of the blood contained in the right ventricle.
In endocardial cushion defect, the tricuspid valve may be insufficient because of the congenital defect of the septal leaflet of the valve. This is a phenomenon parallel to the cleft mitral valve in this condition, but less frequently demonstrated.
Rheumatic involvement of the tricuspid valve is rare. It is said to occur in 10% of the patients in whom other rheumatic cardiac valvar lesions are found.
Although right-sided infectious endocarditis is rare, tricuspid valvar endocarditis does occur, particularly in drug addicts, infants, and postcardiac surgery patients. A common associated finding is the presence of multiple septic pulmonary emboli. Serial angiographic studies will show rapid destruction of the valve with maintenance of relatively normal valvar motility and thickness.
CaLrcinoid heart disease typically effects the tricuspid and pulmonic valves, leading to severe insufficiency. 49 Extrasystoles, as well as slow heart rate and conduction abnormalities like total heart block, may produce functional tricuspid valvar regurgitation.
